Embryo and oocyte cryopreservation is a widely used technology for cryopreservation of genetic 25 resources. One challenging limitation of this technology is the cell damage during freezing associated 26 with the intracellular lipid droplets. We exploit a Raman spectroscopy to investigate the freezing of 27 cumulus-oocyte complexes, mature oocytes and early embryos of a domestic cat. All these cells are 28 rich in lipids. The degree of lipid unsaturation, lipid phase transition from liquid-like disordered to 29 solid-like ordered state (main transition) and triglyceride polymorphic state are studied. For all cells 30 examined, the average degree of lipid unsaturation is estimated about 1.3 (with ±20 % deviation) 31 double bonds per acyl chain. The onset of the main lipid phase transition occurs in a temperature range 32 from −10 to +4 ºC and does not depend significantly on the cell type. It is found that lipid droplets in 33 cumulus-oocyte complexes undergo an abrupt lipid crystallization, which not completely correlate 34 with the ordering of lipid molecule acyl chains. In the case of mature oocytes and early embryos 35 obtained in vitro from cumulus-oocyte complexes, the lipid phase transition is broadened. In frozen 36 state lipid droplets inside the cumulus-oocyte complexes have higher content of triglyceride 37 polymorphic β and β′ phases (~66%) than it is estimated for the mature oocytes and the early embryos 38 (~50%). For the first time, to our knowledge, temperature evolution of lipid droplets phase state is 39 examined. Raman spectroscopy is proved as a prospective tool for in situ monitoring of lipid phase 40 state in single embryo/oocyte during freezing. 41 42 43
INTRODUCTION
transferred to cryoprotectant solution of Dulbecco's Phosphate Buffer Saline (DPBS) and 10 v/v % 145 glycerol. Equilibration with cryoprotectant solution was performed in several steps: on the first step 146 oocytes/embryos were transferred into three times diluted DPBS/glycerol solution for 5 min; then 147 specimen was put into the 10 μl drop of two times diluted DPBS/glycerol solution. Finally, the cells 148 were transported into the undiluted DPBS/glycerol solution and placed on the glass with a cavity. The 149 sample was covered with a piece of mica slice and sealed with paraffin.
150
Sample freezing 151 We carried out experiments with COCs and mature oocytes (three experiments per group) and 152 four experiments with preimplantation embryos (see photos in Fig. 1 a-d) . Samples with cells were 153 placed in FTIR600 cryostat (Linkam, UK) cooled by liquid nitrogen vapour flow. Freezing protocol 154 was chosen close to standard slow program freezing protocol conventionally used for mammalian 155 embryos (2, 49, 50) . The sample was cooled to ice nucleation temperature T n = -7 °C at cooling rate 1 156 °C/min. Ice nucleation was induced by touching the sample with copper wire precooled in liquid 157 nitrogen. After ice formation, the sample was kept at T n from 10 to 30 min to provide ice 158 recrystallization. The sample was cooled to -40 °C with cooling rate 0.3 °C/min, then at the rate of 159 1÷2 °C/min to -70 °C and after that with the rate of 5÷10 °C/min to -180 °C. Sample cooling was 160 paused at specified temperatures to acquire Raman spectra. Local temperature near the freezing cell 161 was verified by Raman spectrum of ice (see Fig S1 in Supplementary Material).
162
Raman experiment 163 Raman measurements were carried out using a laboratory-built experimental setup (45). Solid-164 state laser (Millennia II, Spectra Physics) at a wavelength of 532.1 nm was used for Raman scattering 165 excitation. A 100× objective (PL Fluotar L; Leica Microsystems, Germany) with NA=0.75 and 166 working distance 4.6 mm was used to focus laser radiation in approximately 1 µm diameter spot. 167 Irradiation power after objective was 6.5 mW. Scattered radiation was collected using the same 168 objective, and Raman spectra were measured using a monochromator (SP2500i; Princeton 169 Instruments, NJ) equipped with a CCD detector (Spec-10:256E/LN; Princeton Instruments, NJ). 170 Wavelengths for all measured spectra were calibrated using a neon-discharge lamp. 171 We measured Raman spectra from several substances with known numbers of double bonds. 172 Palmitoleic, linoleic, and linolenic acids, triolein, trillinolein were taken from Sigma Aldrich. 173 Lyophilized phospholipids 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dilinoleoyl-sn-174 glycero-3-phosphocholine (DLPC) were taken from Avanti Polar Lipids. Raman spectra were 175 measured from fatty acids and triglycerides in liquid phase state. To measure Raman spectra from 176 phospholipids in liquid-like disordered phase, the suspensions of multilamellar lipid vesicles were 177 prepared using the protocol described previously (48).
7
The high spatial resolution allows collecting Raman scattering from single LD in the freezing 179 oocyte or the embryo cell ( Fig. 1 e) . We aimed to measure Raman spectra from the same LD during 180 the experiment. However, it was not always possible due to LD movements and hiding during cell 181 freezing. Thus, we were compelled to change the followed LD one or two times per experiment.
182
Nevertheless, Raman spectra were collected from the neighbouring LDs from the same area inside of 183 the cell. For each experimental point, two spectral ranges were sequentially measured to provide the 184 overall spectral range from 300 to 4000 cm -1 . For both spectral ranges, several spectra were acquired 185 at each experimental position, followed by spectral averaging. Acquisition time for a single spectrum 186 was 1 min and overall measurement time for one experimental point was 15÷20 min. +20 °C, mature oocyte at +20 °C, early embryo at +20, 0, -7, -32, -58, -115, -183 191 °C. Brightfield microscopy photos (on the right side) for a) COC at +20 °C, b) 192 mature oocyte at +20 °C, c,d) embryo at +20, -50 °C, (e) a magnified region with the 193 high amount of LDs. 195 Embryos and oocytes of the domestic cat are rich with lipids, which are mainly found in LDs. 1062, ~1100, 1130 cm -1 , twisting (1300 cm -1 ) and scissoring (1440 cm -1 ) deformational CH modes, 200 double bonded C=C (1660 cm -1 ) and C=O (1745 cm -1 ) bands. Raman peaks at 2850 and 2882 cm -1 201 manifest the symmetric CH 2 (sCH) and antisymmetric CH 2 (aCH) stretching vibrations, respectively.
194

RESULTS
8
The absence of CN stretching mode at 700 cm -1 , which is typical for phospholipids (51), indicates that 203 lipid contribution comes mainly from triglycerides and free fatty acids.
204
In addition to intensive lipid contribution, Raman spectra also contain the lines indicating the 205 presence of proteins and glycerol. The low-intensity line at 1004 cm -1 is assigned to phenylalanine 206 contribution, also peaks at 603, 750 and 1586 cm -1 correspond to resonance Raman scattering of 207 cytochromes. Other well-known protein lines such as cytochrome peak at 1130 cm -1 or Amide I mode 208 at ~1655 cm -1 overlap with lipid lines. The existence of cytochrome Raman lines points on an external 209 contribution from the cytoplasm and the nearest organelles. The protein contribution can be neglected 210 since the intensity of the most intensive protein related peaks (750, 1004, 1586 cm -1 ) in the collected 211 Raman spectra did not exceed 10 % from the deformational band at 1440 cm -1 and C=C mode of 212 lipids. Glycerol contribution from LD surroundings has to be taken into account in Raman spectra due 213 to concentration changes resulting from ice formation and cell dehydration. We used glycerol peaks at 214 420 and 483 cm -1 to evaluate the intensity of glycerol peaks (52) and subtract the Raman spectra of 215 aqueous glycerol solution from the raw spectra measured from the cells. Glycerol spectrum is 216 temperature dependent (46) thereby Raman spectra from the cell and glycerol solution measured at 217 same temperatures were applied in subtraction procedure (see details in Supplementary Material). 218 We used Raman spectra to estimate the degree of lipid unsaturation and to investigate the LPT.
219
To evaluate the degree of unsaturation, Raman intensities of CH deformation mode (CH 2 scissoring 220 and CH 3 antisymmetric bending vibrations) and C=C peak were studied. Lipid lines demonstrate 221 pronounced temperature dependence (see Fig. 1 ). The C=O, CC and CH stretching vibrations are 222 sensitive to the LPT, however, these bands reflect different aspects of lipid structure. The quality of the 223 measured spectra is sufficient for comprehensive analysis of the LPT using all these three spectral 224 regions.
225
Analysis of lipid unsaturation degree 226
The degree of lipid unsaturation is known to affect the temperature of the main LPT.
227
Unsaturation degree can be characterized by the ratio between number of C=C bonds and number of 228 CH 2 +CH 3 groups (N C=C /N CH2+CH3 ). The intensity ratio between C=C peak (I C=C ) and deformational 229 mode at 1440 cm -1 (I δCH ) can be used to estimate the degree of lipid unsaturation (53,54). To do so, we 230 constructed a calibration curve ( Fig. 2 a) based on several measured triglycerides, phospholipids and 231 free fatty acids with different amount of double bonds per acyl chain (see Fig. 2 b) . The N C=C /N CH2+CH3 232 was calculated taking into account C=C, CH 2 , CH 3 groups from acyl chains only. All spectra were 233 measured from samples in disordered phase state at room temperature (+25 ºC), which is important 234 because I C=C /I δCH intensity ratio depends on temperature and phase state (for example, see temperature 235 evolution of Raman spectra in Fig. 1 ). The obtained calibration curve is shown in Fig. 2 To estimate the degree of unsaturation, we used spectra of LDs measured at +20 ºC. Averaged 242 over all the cells studied I C=C /I δCH is about 1.125 with a standard deviation of 20%. This ratio 243 corresponds to N C=C /N CH2+CH3 =0.0925 or, putting it in other words, ~1.3 double bonds per typical C18 244 acyl chain in average. Our experiments do not reveal a significant difference in the degree of lipid 245 unsaturation for different cell types (for details see Table 1 ). However, the valuable deviation between The CH stretching band 253 Fig. 3 shows the temperature evolution of the CH band which is sensitive to acyl chain 254 conformations and intermolecular interactions. The most striking effect associated with the changes in 255 the lipid molecules state caused by temperature decrease is the intensity increase of aCH mode at 2882 256 cm -1 . To investigate the changes in the intensity of aCH we studied intensity ratio between aCH and 257 sCH modes (I aCH /I sCH ). At high temperatures (T > 0 ºC), the aCH peak is broadened and I aCH /I sCH ratio 258 is low indicating on inhomogeneous broadening and high variance of conformational states of lipid 259 molecules in disordered phase state. A decrease in temperature leads to a narrowing of the aCH peak, 260 which is associated with freezing of the lipid conformational states and an increase in the ratio 261 I aCH /I sCH . The abrupt increase of I aCH /I sCH ratio with temperature decrease can be considered as an 262 evidence of the LPT occurrence. Table 1 ). The inset shows the temperature dependence of I aCH /I sCH ratio for the LD 266 (filled circles) and DOPC vesicles data (empty circles) taken from (48). Arrow marks 267 the temperature corresponding to the onset of the LPT in LDs.
268
The inset in Fig ratio. In this case, the I aCH /I sCH ratio deviation from high temperature constant can be considered as the 278 onset of the LPT related to inactivation of conformations state of acyl chains. The onset of the LPT can 279 also be detected by the peculiarity in the temperature behaviour of the symmetric CH 2 mode (Fig. S4 , 280 S5, S6). However, the I aCH /I sCH appears to be a more reliable parameter.
281
The temperature of the LPT onset (T*) demarcates the completely disordered liquid state and 282 intermediate states with a higher degree of ordering (inset of Fig. 3 ). For all cells studied the I aCH /I sCH 283 ratio increase begins in temperature range from -10 to +4 ºC, with average value of -2 ºC. Estimated 284 T* does not correlate with cell type or degree of lipid unsaturation (for details see Table 1 ). However, 285 maximal spread in T* was found for early embryo stage. At low temperature limit, I aCH /I sCH 286 temperature dependences of LDs are similar to synthetic phospholipid samples (48), following the 287 earlier reported study (46).
288
The C=O stretching band 289 In the Raman spectra, ester carbonyl stretching region can provide the insight into the lipid phase 290 organization (27, 28) . Triglycerides have three polymorphic forms in solid-like ordered phase: α, β′, 291 and β (55). Raman C=O band can be used to distinguish liquid-like disordered state and three 292 polymorphic forms of the ordered phase (56). The C=O band corresponding to liquid state does not 293 demonstrate any pronounced spectral features and can be described using a Gaussian shape centered at 294 about 1750 cm -1 . In Raman spectra from polymorphic α form, the C=O band also has Gaussian-like 295 shape, but the band position is shifted to lower frequencies when compared to the spectrum of the 296 liquid state. Other polymorphic forms demonstrate more complex shapes of the C=O band. For 297 example, the β phase of triolein demonstrates in Raman spectra two sharp peaks at 1727 and 1744 cm -298 1 , spectra of β′ phase of triolein have the peaks at 1730 and 1741 cm -1 (56). Raman spectra obtained in 299 our experiments have three broad peaks at about 1727.5, 1734 and 1741 cm -1 . Full set of these lines 300 does not match to any known lipid polymorphic forms. Taking into account that Raman spectra of 301 different phases depend on particular triglyceride studied, identification of particular β and β′ phases 302 only by Raman spectra seems to be an incorrect task for such complex object as a natural LD. Frozen 303 LD can be formed by a mixture of β and β′ phases of different triglycerides. Therefore, for simplicity, 304 further in the text we will use a term "β phases" implying β, β′ or a mixture of these two phases.
305
To reveal the lipid crystallization (transition from liquid to solid state, related to ordering in 306 molecules arrangement), we followed the position of the C=O band which was evaluated from C=O Table 1 . In some cases, temperature dependences demonstrate both gradual 316 change and a short gap in C=O band position (Ooc. #1 and Emb. #4 in Fig. 4 and Table 1 ). 
328
In order to study the phase content of frozen LDs, the spectral shape of the C=O band was 329 investigated. We used spectra with high signal to noise ratio obtained from averaging of the spectra 330 from cells of the same type and all the temperatures below -60 ºC. Average spectra were fitted with a 331 sum of three Lorentz peaks and one Gaussian (see Fig. 4 ). Lorentz peaks simulate contribution from β 332 phases and Gaussian models a contribution from less ordered α phase. When fitting the peak non-333 negativity constraints were used, the initial values of peaks positions were specified but not fixed. The 334 fit results demonstrated similar parameters of Lorentz peaks (see Fig. S9 , S10 and Table S1 in COCs differs from the freezing of the LDs in mature oocytes and early embryos.
341
The C-C stretching region 342 CC stretching region is widely used in the investigations of acyl chain ordering in model lipid 343 systems (29, 48, 51, 57) . Therefore, the capability to investigate CC region in Raman spectra from 344 biological samples was examined. Fig. 5 a shows the temperature dependence of Raman spectra in CC 345 stretching region after baseline and glycerol contributions subtractions. Temperature decrease leads to 346 the intensity growth of the peaks at 1062, ~1100, 1130 cm -1 . The mode at the highest frequency at 347 about 1130 cm -1 , also known as "all-trans" mode, is considered as a reliable measure of all-trans 348 conformations (51). The intensity measurement for CC modes is problematic due to ambiguity in 349 baseline correction and overlap with the cytochrome peak. Therefore, the temperature dependence of 350 the all-trans peak position was examined (see Fig. 5 b) . At temperatures above T*, the precision of the 351 parameters evaluation is low due to the low intensity of the all-trans peak. Below this temperature, the 352 all-trans peak becomes sharper and increases the peak position. Further temperature decrease leads to 353 the peak sharpening and the position shift towards to the higher frequencies. Obtained temperature 354 dependence is in qualitative agreement with the data obtained from synthetic lipids such as DOPC 355 (Fig. 5 b) . However, low precision of the all-trans peak position estimation at high temperature makes 356 it difficult to detect the LPT using this approach. Table 1 ). Gray vertical line denotes the so-called "all-trans" 
368
To study the temperature evolution of the CC stretching region and avoid the problems with all-trans 369 peak analysis, we used a simplified approach based on the CC spectrum linear decomposition into 370 spectral components. This concept is already successfully tested on synthetic lipids (58, 59) . In 371 approximation that the acyl chains of lipid molecules are in ordered all-trans conformation state at the 372 low-temperature limit (below −100 °C) and the completely disordered at the high-temperature limit 373 (above 10 °C), the CC region was described as the combination of spectral components corresponding region fits are presented in Supplementary material (Fig. S3 ). Although the proposed description does 382 not take into account the intermediate conformation states, this approach is sufficient to monitor the 383 most pronounced changes in CC region.
384
The ratio η, defined as ) ( from the insufficient quality of measured Raman spectra. For COC #2, T* and T C are too close to 391 distinguish these two peculiarities in η(T) (Fig. S4) . Thus, we conclude that the CC region appears to 392 be sensitive to the onset of the LPT related to the ordering of acyl chain conformational states and in 393 some cases it seems to be possible to detect lipid ordering in the molecules arrangement.
394
DISCUSSION
395
Genome Resource Bank (GRB) concept was successfully applied to a number of laboratory and 396 farm animal species (2-4). However, freezing of embryos and oocytes is still challenging for some 397 more exotic mammalian species, especially for those, which oocytes/early embryos are rich with lipids 398 15 (5,11). Thus to achieve better survival rates and to avoid massive injuries, estimation of the lipid 399 content, evaluation of LPT transition and its control by the conditions of freezing is needed (34) (35) (36) 46) .
400
Here we presented the most accurate and detail data to date about LPT in Felidae oocytes and embryos 401 using contactless Raman approach.
402
The average unsaturation degree was successfully estimated for the lipids in domestic cat COCs, stretching modes were investigated. Averaged T* is in agreement with the recently reported Raman 419 study of the LPT in mouse embryos, where the LPT was detected in the temperature range from −7 to 420 0 ºC (46). However, for the other species, the LPT is reported at temperatures above 0 ºC (34-37).
421
Bovine oocytes undergo the LPT in the temperature range from +13 to +20 ºC (35), and for ovine 422 oocytes the broadened LPT occurs at +16 ºC (36). Following the conception that chilling injury 423 depends on the LPT (34,36,60) , the comparison of different species indicates that embryos and oocytes 424 of domestic cat should have higher chilling tolerance as compared to the ovine or bovine ones.
425
Possibly, this might be the reason that the embryos of the domestic cat were successfully 426 cryopreserved in 1988 (61), much earlier than the embryos of any other Carnivora species. Since then, 427 in vivo and in vitro produced embryos of the domestic cat were regularly frozen mostly by 428 conventional freezing methods (13, 62, 63) , although very few successful embryo cryopreservation 429 reports were published for other Carnivora animal species (5).
430
In our interpretation, below T* the lipids start to turn from the liquid disordered to the 431 intermediate liquid ordered state. In some cases, mainly in oocytes and early embryos, further cooling 432 is followed by the simultaneous gradual increase in acyl chains ordering and translational ordering in Based on our data on Raman spectroscopy (Fig. S8 ), we hypothesize that lipids in this intermediate 437 state are ordered in acyl chain conformational state and disordered in the translational arrangement of 438 the molecules. It should be noted that in a homogeneous triglyceride system the ordering of 439 hydrocarbon chains and molecular arrangement occur abruptly at the same temperature (see triolein 440 example in Fig. S7 ).
441
Currently, three models describing the liquid-crystalline phase of triglycerides in the disordered In this study, we investigated the phase transitions in the LDs within the frozen COCs, mature T C
